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Abstract
In scenarios of strongly coupled electroweak symmetry breaking, heavy composite particles of different spin and
parity may arise and cause observable effects on signals that appear at loop levels. The recently observed process of
Higgs to γγ at the LHC is one of such signals. We study the new constraints that are imposed on composite models
from H → γγ, together with the existing constraints from the high precision electroweak tests. We use an effective
chiral Lagrangian to describe the effective theory that contains the Standard Model spectrum and the extra composites
below the electroweak scale. Considering the effective theory cutoff at Λ = 4piv ∼ 3 TeV, consistency with the T and
S parameters and the newly observed H → γγ can be found for a rather restricted range of masses of vector and axial-
vector composites from 1.5 TeV to 1.7 TeV and 1.8 TeV to 1.9 TeV, respectively, and only provided a non-standard
kinetic mixing between the W3 and B0 fields is included.
Keywords: Composite Higgs Models, Composite spin-1 and spin-0 resonances, EWT, Diphoton decay rate.
1. Introduction
One of the possible signals of composite Higgs bo-
son models is the deviation of the h→ γγ channel from
the Standard Model (SM) prediction, as it is a loop pro-
cess sensitive to heavier virtual states. For instance this
signal was predicted in the context of Minimal Walk-
ing Technicolor [1]. Consequently the recent h → γγ
signal reported by ATLAS and CMS collaborations [2–
5], which is very close to the SM prediction, implies
an additional constraint on composite models. In this
regard, it is important to explore the consequences of
this new constraint on composite models, in conjunc-
tion with those previously known from electroweak pre-
cision measurements.
Given the recent evidence of the Higgs boson, a
strongly interacting sector that is phenomenologically
viable nowadays should include this scalar boson in its
low energy spectrum, but it is also assumed that vec-
tor and axial-vector resonances should appear as well,
in a way that the so called Weinberg sum rules [6] are
satisfied [7–9].
Here we formulate this kind of scenario in a gen-
eral way, without referring to the details of the under-
lying strong dynamics, by using a low energy effective
Lagrangian which incorporates vector and axial-vector
resonances, as well as composite scalars. One of these
scalars should be the observed Higgs and the others
should be heavier as to avoid detection at the LHC. Our
inclusion of the vector and axial resonances is based on
a 4-site Hidden Local Symmetry, which requires three
scalar sectors (link fields) responsible for the breaking
of the hidden local symmetries. This setup naturally
leads to a spectrum that contains three physical scalars.
The main reason to still consider strongly inter-
acting mechanisms of electroweak symmetry breaking
(EWSB) as alternatives to the Standard Model mecha-
nism is the so called hierarchy problem that arises from
the Higgs sector of the SM. This problem is indicative
that, in a natural scenario, new physics should appear
at scales not much higher than the EWSB scale (say,
around a few TeV) in order to stabilize the Higgs mass at
scales much lower than the Planck scale (∼ 1019 GeV).
An underlying strongly interacting dynamics without
fundamental scalars, which becomes non-perturbative
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somewhere above the EW scale, is a possible scenario
that gives an answer to this problem. The strong dynam-
ics causes the breakdown of the electroweak symme-
try through the formation of condensates in the vacuum
[10–14].
Many models of strong EWSB have been proposed
which predict the existence of composite particles such
as scalars [15–28], vectors [29–35], both scalars and
vectors [37–52] and composite fermions [53, 54]. These
predicted scalar and vector resonances play a very im-
portant role in preserving the unitarity of longitudinal
gauge boson scattering up to the cutoff Λ ' 4piv [55–
60]. One should add that a composite scalar does not
have the hierarchy problem since quantum corrections
to its mass are cut off at the compositeness scale, which
is assumed to be much lower than the Planck scale.
In this work we assume that Electroweak Symmetry
Breaking is due to an underlying strongly interacting
sector that possesses a global S U(2)L×S U(2)R symme-
try, which breaks down to the subgroup S U(2)L+R. The
SM electroweak symmetry S U(2)L × U(1)Y is assumed
to be embedded as a local part of the S U(2)L × S U(2)R
symmetry, so the spontaneous breaking of the latter
leads to EWSB. The strong dynamics responsible for
EWSB in general gives rise to massive composite fields.
We will assume that only spin-zero and spin-one com-
posites are lighter than the cutoff Λ ' 4piv so that they
explicitly appear as fields in the effective chiral La-
grangian. Composite states of spin 2 and higher are
assumed to be heavier than the cutoff, and so are dis-
regarded in this work. Consequently, the spectrum be-
low the cutoff will have vector and axial vector fields
(Vaµ and A
a
µ, respectively) belonging to the triplet rep-
resentation of the S U(2)L+R custodial group, as well
as two massive composite scalars (h and H) and one
pseudoscalar (η), all singlets under that group. We will
identify the lightest scalar, h, with the state of mass
mh = 126 GeV discovered at the LHC. Concerning the
coupling to fermions, the spin-one fields Vaµ and A
a
µ will
couple to SM fermions only through their kinetic mix-
ings with the SM Gauge bosons, and the spin zero fields
h, H and η interact with the fermions only via (proto)-
Yukawa couplings.
In this work, we build an effective chiral lagrangian
to represent this generic scenario below the symmetry
breaking cutoff and study its consistency with the cur-
rent phenomenology. In particular we study the effects
on the high precision results on S and T and the recent
ATLAS and CMS results at the LHC on h → γγ, all
of which are loop processes that are sensitive to heavy
virtual particles.
2. The Model
We formulate our strongly coupled sector by means
of an effective chiral Lagrangian that incorporates the
heavy composite states by means of local hidden sym-
metries [68]. As shown in detail Ref. [47], this La-
grangian is based on the symmetry G = S U (2)L ×
S U (2)C × S U (2)D × S U (2)R. The S U (2)C × S U (2)D
part is a hidden local symmetry whose gauge bosons
are linear combinations of the vector and axial-vector
composites, and the SM gauge fields (see Ref. [47] for
details). The SM gauge group, on the other hand, is con-
tained as a local form of the S U (2)L × S U (2)R global
symmetry of the underlying dynamics.
As the symmetry G is spontaneously broken down to
the diagonal subgroup S U(2)L+C+D+R, it is realized in
a non-linear way with the inclusion of three link fields
(spin-0 multiplets). These link fields contain two phys-
ical scalars h and H, one physical pseudoscalar η, the
three would-be Goldstone bosons absorbed as longitu-
dinal modes of the SM gauge fields and the six would-be
Goldstone bosons absorbed by the composite triplets Vµ
and Aµ. In the framework of strongly interacting dy-
namics for EWSB, the interactions below the EWSB
scale among the SM particles and the extra composites
can be described by the effective Lagrangian [47]:
L = v
2
4
〈
DµUDµU†
〉
− 1
2g2
〈
WµνWµν
〉
− 1
2g′2
〈
BµνBµν
〉
+
cWB
4
〈
U†WµνUBµν
〉
+
∑
R=V,A
[
−1
4
〈
RµνRµν
〉
+
1
2
M2RRµR
µ
]
− fV
2
√
2
〈
Vµν
(
uWµνu† + u†Bµνu
)〉
− igV
2
√
2
〈
Vµν
[
uµ, uν
]〉
+
fA
2
√
2
〈
uµνAµν
〉
− i fA
2
√
2
〈(
uWµνu† + u†Bµνu
) [
Aµ, uν
]〉
− iκ fA
2
√
2
〈
uµν
[
Vµ, uν
]〉
+ αη
〈
VµAµ
〉
η
+βη
〈
Vµuµ
〉
η +L′
+
∑
S =h,H,η
12∂µS ∂µS + m2S2 S 2

+
∑
S =h,H
[
αS S
〈
uµuµ
〉
+ βS S
〈
VµVµ
〉]
+
∑
S =h,H
[
γS S
〈
AµAµ
〉
+ δS S
〈
Aµuµ
〉]
(1)
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where L′ corresponds to the part of the Lagrangian
which includes: the interactions of two of the heavy
spin-one fields with the SM Goldstone bosons and
gauge fields, the interactions involving three heavy spin-
one fields, the quartic self-interactions of Vµ and of Aµ,
the contact interactions involving the SM gauge fields
and Goldstone bosons, the interaction terms that include
two of the spin-zero fields coupled to the SM Goldstone
bosons or gauge fields, or to the composite Vµ and Aµ
fields, the mass terms for the SM quarks as well as in-
teractions between the spin-0 fields h, H and η and the
SM fermions. Besides that, the dimensionless couplings
in Eq. (1) are given in Ref.[47], and the following defi-
nitions are fulfilled:
U (x) = eipˆi(x)/v , pˆi (x) = τapia , u ≡ √U,
Bµ =
g′
2 τ
3B0µ, , Wµ =
g
2τ
aWaµ , Rµ =
1√
2
τaRaµ,
R = V, A , DµU = ∂µU − iBµU + iUWµ ,
Xˆµν = ∇µXν − ∇νXµ, X = R, u uµ = iu†DµUu†,
∇µR = ∂µR + [Γµ,R] ,
Γµ =
1
2
[
u†
(
∂µ − iBµ
)
u + u
(
∂µ − iWµ
)
u†
]
.
(2)
Our effective theory is based on the following as-
sumptions [47]:
1. The Lagrangian responsible for EWSB has an un-
derlying strong dynamics with a global S U(2)L ×
S U(2)R symmetry which is spontaneously broken
by the strong dynamics down to the S U(2)L+R cus-
todial group. The SM electroweak gauge symme-
try S U(2)L×U(1)Y is assumed to be embedded as a
local part of the S U(2)L×S U(2)R symmetry. Thus
the spontaneous breaking of S U(2)L×S U(2)R also
leads to the breaking of the electroweak gauge
symmetry down to U(1)em.
2. The strong dynamics produces composite heavy
vector fields Vaµ and axial vector fields A
a
µ, triplets
under the custodial S U(2)L+R, as well as a com-
posite scalar singlet h with mass mh = 126 GeV,
a heavier scalar singlet H, and a heavier pseu-
doscalar singlet η. These fields are assumed to
be the only composites lighter than the symmetry
breaking cutoff Λ ' 4piv.
3. The heavy fields Vaµ and A
a
µ couple to SM fermions
only through their kinetic mixings with the SM
Gauge bosons.
4. The spin zero fields h, H and η interact with the
fermions only via (proto)-Yukawa couplings.
3. Study of effects on T, S and h → γγ.
In the Standard Model, the h → γγ decay is domi-
nated by W loop diagrams which can interfere destruc-
tively with the subdominant top quark loop. In our
strongly coupled model, the h → γγ decay receives ex-
tra contributions from loops with charged Vµ and Aµ,
as shown in Figure 1 [47]. Notice that we have not
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Figure 1: One loop Feynman diagrams in the Unitary Gauge con-
tributing to the h→ γγ decay.
considered the contribution from contact interactions of
gluons, such as
LggVV = aggVV
Λ2
GµνGµνVαVα. (3)
to the Higgs production mechanism at the LHC, gg →
h, which could have a sizable effect that might con-
tradict the current experiments. Nevertheless, we have
checked that this contribution is negligible provided the
effective coupling aggVV < 0.5. We recall that the heavy
vector and heavy axial-vector resonances are colorless,
and therefore they do not have renormalizable interac-
tions with gluons.In this work we want to determine the
range of the heavy vector masses which is consistent
with the events in the h → γγ decay recently observed
at the LHC. To this end, we will introduce the ratio Rγγ,
which measures the γγ signal produced in our model
relative to the signal within the SM:
Rγγ =
σ (pp→ h) Γ (h→ γγ)
σ (pp→ h)S M Γ (h→ γγ)S M
(4)
' a2htt
Γ (h→ γγ)
Γ (h→ γγ)S M
.
where ahtt is the deviation of the Higgs-top quark cou-
pling with respect to the SM.
Let us first study the masses of h, H and η up to one
loop. The one-loop diagrams are shown in Fig. 2. Now,
we want h to be the recently discovered Higgs boson
of mass ∼ 126 GeV, while H and η should be heav-
ier, their masses satisfying the experimental bound 600
GeV . mH ,mη . 1 TeV. These masses have tree-level
contributions directly from the scalar potential, but also
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Figure 2: One loop Feynman diagrams in the Unitary Gauge con-
tributing to the masses of the parity even h and H and parity odd η
scalars [47].
important one-loop contributions from the Feynman di-
agrams shown in Fig. 2. All these one-loop diagrams
have quadratic and some have also quartic sensitivity to
the ultraviolet cutoff Λ of the effective theory. The cal-
culation details are included in Ref. [47]. As shown
there, the contact interaction diagrams involving Vµ and
Aµ in the internal lines interfere destructively with those
involving trilinear couplings between the heavy spin-0
and spin-1 bosons. As shown in Ref. [47], the quar-
tic couplings of a pair of spin-1 fields with two h’s are
equal to those with two H’s. This implies that contact
interactions contribute at one-loop level equally to the h
and H masses. On the other hand, since the couplings
of two spin-1 fields with one h or one H are differ-
ent, i.e., ahWW , aHWW , ahAA , aHAA, ahWA , aHWA,
ahZA , aHZA, these loop contributions cause the masses
mh and mH to be significantly different, the former being
much smaller than the latter (notice that in the Standard
Model, ahWW = bhhWW = 1, implying an exact cance-
lation of the quartic divergences in the one-loop con-
tributions to the Higgs mass). As it turns out, one can
easily find conditions where the terms that are quartic in
the cutoff cause partial cancelations in mh, but not so in
mH and mη, making mh much lighter that the cutoff Λ
(e.g. mh ∼ 126 GeV) while mH and mη remain heavy.
In Figs. 3.a and 3.b we show the sensitivity of the light
scalar mass mh to variations of MV and ahtt, respectively.
These Figures show that the values of MV and ahtt have
an important effect on mh. We can see that these mod-
els with composite vectors and axial vectors have the
potential to generate scalar masses well below the sup-
posed value around the cutoff, but only in a rather re-
stricted range of parameters. The high sensitivity to the
parameters, however, does not exhibit a fine tuning in
the usual sense: that deviations from the adjusted point
would always bring the mass back to a “naturally high”
value near the cutoff. Here, the adjustment of parame-
ters could bring the light scalar mass either back up or
further below the actual value of 126 GeV [47].Let us
now analyze the constraints imposed on the parameters
by the values of T and S given by the experimental high
precision tests of electroweak interactions. The Feyn-
mann diagrams contributing to the T and S parameters
are shown in Figures 3 and 4, respectively. As shown
in Ref. [47], in general the expressions for T and S ex-
hibit quartic, quadratic and logarithmic dependence on
the cutoff Λ ∼ 3 TeV. However, the contributions com-
ing from loops containing the h, H and η scalars are
not very sensitive with the cutoff, as they do not contain
quartic terms in Λ. As a consequence, T and S happen
to have a rather mild sensitivity to the masses of H and
η, and so we will restrict our study to a scenario where
H and η are degenerate in mass at a value of 1 TeV. In
contrast, most of the other diagrams, i.e. those contain-
ing SM bosons and/or the composite spin-1 fields Vµ or
Aµ, have quartic and quadratic dependence on the cut-
off, and as a consequence they are very sensitive to the
masses MV and MA [47].
We can separate the contributions to T and S as T =
TS M + ∆T and S = S S M + ∆S , where
TS M = − 316pi cos2 θW ln
 m2h
m2W
 , S S M = 112pi ln
 m2h
m2W

(5)
are the contributions within the SM, while ∆T and ∆S
contain all the contributions involving the extra parti-
cles.
The experimental results on T and S restrict ∆T and
∆S to lie inside a region in the ∆S − ∆T plane. At
the 95% confident level (CL), these regions are the el-
lipes shown in Figs. 5. We can now study the restric-
tions on ahtt, MV and κ imposed by a mass mh = 125.5
GeV for the light Higgs boson and the two-photon sig-
nal 0.78 . Rγγ . 1.55, which at the same time respect
the previously described bounds imposed by the T and
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Figure 3: Light scalar mass mh as function of MV for κ = 0.76, ahtt = 2.62 TeV (Fig. 3.a), ahtt for κ = 0.76, MV = 1.6 TeV (Fig. 3.b) [47]. The
horizontal line corresponds to the value 126 GeV for the light Higgs boson mass.
S parameters at 95% CL. After scanning the parameter
space we find that the heavy vector mass has to be in
the range 1.51 TeV. MV . 1.75 TeV in order for the
T parameter to be consistent with the experimental data
at 95% CL. Regarding the mass ratio κ = M2V/M
2
A and
the Higgs-top coupling ahtt, we find that they have to be
in the ranges 0.75 . κ . 0.78 and 2.53 . ahtt . 2.72,
respectively. Therefore, the light 126 GeV Higgs bo-
son in this model couples strongly with the top quark,
yet without spoiling the perturbative regime in the sense
that the condition a
2
htt
4pi . 1 is still fulfilled. Concerning
the top coupling to the heavy pseudoscalar η, by impos-
ing the experimental bound 600 GeV . mη . 1 TeV
for heavy spin-0 particles, we find that the coupling has
the bound aηtt . 1.39 for MV ' 1.51 TeV, κ ' 0.75
(lower bounds), and aηtt . 1.46 for MV ' 1.75 TeV,
κ ' 0.78 (upper bounds). Regarding the top coupling
to the heavy scalar H, we find that it grows with mH ,
and at the lower bound mH ∼ 600 GeV the coupling is
restricted to be aHtt ' 3.53, which implies that H also
couples strongly to the top quark. Let us now study the
restrictions imposed by the two-photon signal, given in
terms of the ratio Rγγ of Eq. (4). We explored the pa-
rameter space of MV and κ (κ = M2V/M
2
A) trying to find
values for Rγγ within a range more or less consistent
with the ATLAS and CMS results. In Fig. 6 we show
Rγγ as a function of κ, for the fixed values gCv = 0.8
TeV and ahtt = 2.6. We recall that MV = gCv/
√
1 − κ,
being gC the coupling constant of the strong sector. We
chose ahtt = 2.6, which is near the center of the range
2.53 . ahtt . 2.72 imposed by a light Higgs boson
mass of mh = 125.5 GeV, as previously described. In
turn, the value gCv was chosen in order to fulfill the
condition g
2
C
4pi . 1, which implies gCv . 0.9 TeV. In
any case, we checked that our prediction on Rγγ stays
almost at the same value when the scale gCv is varied
from 0.8 TeV to 1 TeV. Considering the bounds for κ
shown in Fig. 6, together with the restriction imposed
by T to be within its 95% CL, we found that MA should
have a value in a rather narrow range 1.78 TeV−1.9 TeV,
while MV . 0.9MA. To arrive at this conclusion, we
selected three representative values of the axial vector
mass MA, namely at 1.78 TeV, 1.8 TeV and 1.9 TeV,
and then compute the resulting T and S parameters. For
each of these three cases, we found the corresponding
values of MV have to be in the ranges 1.54 TeV. MV .
1.57 TeV, 1.56 TeV . MV . 1.59 TeV and 1.65 TeV
. MV . 1.68 TeV in order to have Rγγ within the
range 0.78 . Rγγ . 1.55 and the light Higgs to have
a mass mh = 125.5 GeV, without spoiling the condition
a2htt
4pi . 1.
Now, continuing with the analysis of the constraints
in the ∆T − ∆S plane, we also find that, in order to
fulfill the constraint on ∆S as well, an additional con-
dition must be met: for the aforementioned range of
values of MV and MA, the S parameter turns out to be
unacceptably large, unless a modified W3 − B0 mixing
is added. Here we introduce this mixing in terms of
a coupling cWB [see Eq. (1)]. As it is shown in Figs.
6, we find that the coupling cWB must be in the ranges
0.228 ≤ cWB ≤ 0.231, 0.208 ≤ cWB ≤ 0.212 and
0.180 ≤ cWB ≤ 0.182 for the cases MA =1.78 TeV, 1.8
TeV and 1.9 TeV, respectively. In Figs. 7.a, 7.b and 7.c
we show the allowed regions for the ∆T and ∆S param-
eters, for three different sets of values of MV and MA.
The ellipses denote the experimentally allowed region
at 95% C.L., while the horizontal line shows the values
of ∆T and ∆S in the model, as the mixing parameter
cWB is varied over the specified range in each case. As
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Figure 4: One loop Feynman diagrams contributing to the T parameter
[47].
shown, ∆T does not depend on cWB (i.e. the line is hor-
izontal), while ∆S does. Moreover, the ranges for cWB
clearly exclude the case cWB = 0, as ∆S would fall out-
side the allowed region (the point would be further to
the left of the corresponding ellipse).
4. Conclusions.
We considered a framework of electroweak symme-
try breaking without fundamental scalars, based on an
underlying dynamics that becomes strong at a scale
which we assume Λ ∼ 3 TeV. The spectrum of
composite fields with masses below that scale is as-
sumed to consist of spin-zero and spin-one fields, and
the interactions among these particles and those of
the Standard Model can be described by a S U(2)L ×
S U(2)R/S U(2)L+R effective chiral Lagrangian. Specifi-
cally, the composite fields included here are two scalars,
h and H, one pseudoscalar η, a vector triplet Vaµ and an
axial vector triplet Aaµ. The lightest scalar, h, is taken
to be the newly discovered state at the LHC, with mass
W 3
⊗
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Figure 5: One loop Feynman diagrams contributing to the S parameter
[47].
near 126 GeV. In this scenario, in general one must in-
clude a deviation of the Higgs-fermion coupling with
respect to the SM, which is parametrized here in terms
of a coupling we call ah f f . We found that our 126 GeV
Higgs boson strongly couples with the top quark by a
factor of about 2 larger than in the Standard Model.
In addition we found that the h → γγ rate to be con-
sistent with the LHC observations provided the ratio
between the composite vector and axial vector masses
falls in a narrow range MV/MA ∼ 0.9. We also found
that the constraints on the T parameter at 95%C.L., to-
gether with the previously mentioned requirement of the
h→ γγ decay rate, restrict the axial vector masses to be
in the range 1.8 TeV. MA . 1.9 TeV. In addition, con-
sistency with the experimental value on the S parame-
ter requires the presence of a modified W3 − B0 mix-
ing, which we parametrize in terms of a coupling cWB.
We also find that modified scalar-top quark and pseu-
doscalar top quark couplings may appear, in order to
have in the scalar spectrum a light 125.5 GeV Higgs bo-
son and heavy scalar H and heavy pseudoscalar η with
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MA = 1.78 TeV, MV = 1.55 TeV MA = 1.8 TeV, MV = 1.6 TeV MA = 1.9 TeV, MV = 1.7 TeV
(7.a) (7.b) (7.c)
Figure 7: The ∆S − ∆T plane in our model with composite scalars and vector fields [47]. The ellipses denote the experimentally allowed region at
95%CL taken from [81]. The origin ∆S = ∆T = 0 corresponds to the Standard Model value, with mh = 125.5 GeV and mt = 176 GeV. Figures
a, b and c correspond to three different sets of values for the masses MV and MA, as indicated. The horizontal line shows the values of ∆S and
∆T in the model, as the mixing parameter cWB varies over the ranges 0.228 ≤ cWB ≤ 0.231 (Fig. 7.a), 0.208 ≤ cWB ≤ 0.212 (Fig. 7.b), and
0.180 ≤ cWB ≤ 0.182 (Fig. 7.c).
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Figure 6: The ratio Rγγ as a function of κ for gCv = 0.8 TeV. The
horizontal lines are the Rγγ experimental values given by CMS and
ATLAS, which are equal to 1.6 ± 0.4 and 1.8±0.4600.419, respectively [78,
79].
masses inside the experimental allowed range 600 GeV
. mH ,mη . 1 TeV.
Acknowledgements
This work was supported in part by Conicyt (Chile)
grant ACT-119 “Institute for advanced studies in Sci-
ence and Technology”. C.D. also received support from
Fondecyt (Chile) grant No. 1130617, and A.Z. from
Fondecyt grant No. 1120346 and Conicyt grant ACT-91
“Southern Theoretical Physics Laboratory”. A.E.C.H
was partially supported by Fondecyt (Chile), Grant No.
11130115 and by DGIP internal Grant No. 111458.
A. E. C. H thanks the organizers of SILAFAE 2014 for
inviting him to present this talk.
References
[1] T. Hapola and F. Sannino, Mod. Phys. Lett. A 26 (2011) 2313
[arXiv:1102.2920 [hep-ph]].
[2] G. Aad et al. [The ATLAS Collaboration], Phys. Lett. B716, 1
(2012) [arXiv:hep-ex/1207.7214].
[3] S. Chatrchyan et al. [The CMS Collaboration], Phys. Lett.B716,
30 (2012) [arXiv:hep-ex/1207.7235].
[4] T. Aaltonen et al. [CDF and D0 Collaborations], [arXiv:hep-
ex/1207.6436].
[5] The CMS Collaboration, CMS-PAS-HIG-12-020.
[6] S. Weinberg, Phys. Rev. Lett. 18 (1967) 507.
[7] T. Appelquist and F. Sannino, Phys. Rev. D 59 (1999) 067702
[hep-ph/9806409].
[8] R. Foadi, M. T. Frandsen, T. A. Ryttov and F. Sannino, Phys.
Rev. D 76 (2007) 055005 [arXiv:0706.1696 [hep-ph]].
[9] R. Foadi, M. T. Frandsen and F. Sannino, Phys. Rev. D 77 (2008)
097702 [arXiv:0712.1948 [hep-ph]].
[10] T. Appelquist and R. Shrock, Phys. Rev. Lett. 90, 201801
(2003), [arXiv:hep-ph/0301108].
[11] J. Hirn, A. Martin and V. Sanz, JHEP 0805 (2008) 084
[arXiv:hep-ph/0712.3783].
[12] J. Hirn, A. Martin and V. Sanz, Phys. Rev. D 78 (2008) 075026
[arXiv:hep-ph/0807.2465 ].
[13] A. Belyaev, R. Foadi, M. T. Frandsen, M. Jarvinen, F. Sannino
and A. Pukhov, Phys. Rev. D 79 (2009) 035006, [arXiv:hep-
ph/0809.0793].
[14] C. Hill and E. Simmons, Phys. Rep. 381, 235 (2003)
[arXiv:hep-ph/0203079].
[15] G. F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, JHEP
0706 (2007) 045 [arXiv:hep-ph/0703164].
[16] R. Barbieri, B. Bellazini, V. S. Rychkov and A. Varagnolo, Phys.
Rev. D 76 (2007) 115008 [arXiv:hep-ph/0706.0432].
A. E. Ca´rcamo Herna´ndez, Claudio O. Dib and Alfonso R. Zerwekh / Nuclear Physics B Proceedings Supplement 00 (2018) 1–8 8
[17] G. Burdman and L. D. Rold, JHEP 0712 (2007) 086
[arXiv:hep-ph/0710.0623].
[18] P. Lodone, JHEP 0812 (2008) 029 [arXiv:hep-ph/0806.1472].
[19] A. R. Zerwekh, Mod. Phys. Lett. A A25 (2010), 423 [
arXiv:hep-ph/0907.4690].
[20] G. Burdman and C. E. F. Haluch, JHEP 1112 (2011) 038
[arXiv:1109.3914 [hep-ph]].
[21] A. E. Ca´rcamo Herna´ndez, Claudio. O. Dib, Nicola´s Neill H
and Alfonso R. Zerwekh, JHEP 1202 (2012) 132 [ arXiv:hep-
ph/1201.0878].
[22] A. Pomarol and F. Riva, JHEP 1208 (2012) 135 [arXiv:hep-
ph/1205.6434].
[23] R. Barbieri, D. Buttazzo, F. Sala, D. Straub and A. Tesi, JHEP
1305 (2013) 069 [arXiv:hep-ph/1211.5085].
[24] R. Foadi, M. T. Frandsen and F. Sannino, Phys. Rev. D 87 (2013)
095001 [arXiv:hep-ph/1211.1083
[25] O. Castillo-Felisola, C. Corral, C. Villavicencio and A. R. Zer-
wekh, Phys. Rev. D 88, 124022 (2013) [arXiv:1310.4124 [hep-
ph]].
[26] D. Barducci, A. Belyaev, M.S. Brown, S. De Curtis, S. Moretti,
G. M. Pruna, JHEP 1309 (2013) 047, [arXiv:1302.2371[hep-
ph]].
[27] D. Pappadopulo, A. Thamm and R. Torre, JHEP 1307 (2013)
058, arXiv:1303.3062 [hep-ph].
[28] R. Contino, M. Ghezzi, C. Grojean, M. Muhlleitner and
M. Spira, JHEP 1307 (2013) 035,arXiv:1303.3876 [hep-ph].
[29] J. Bagger et al., Phys. Rev. D 49 (1994) 1246.
[30] R. Casalbuoni, A. Deandrea, S. De Curtis, D. Dominici, R. Gatto
and M. Grazzini, Phys. Rev. D 53 (1996) 5201 [arXiv:hep-
ph/9510431].
[31] R. S. Chivukula, D. A. Dicus and H. J. He, Phys. Lett. B 525
(2002) 175 [arXiv:hep-ph/0111016].
[32] C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning,
Phys. Rev. D 69, 055006 (2004) [arXiv:hep-ph/0305237].
[33] R. Barbieri, G. Isidori, V. S. Rychkov and E. Trincherini, Phys.
Rev. D 78 (2008) 036012 [arXiv:0806.1624 [hep-ph]].
[34] R. Barbieri, A. E. Ca´rcamo Herna´ndez, G. Corcella, R. Torre
and E. Trincherini, JHEP 03 (2010) 068 [arXiv:0911.1942[hep-
ph]].
[35] A. E. Ca´rcamo Herna´ndez, [arXiv:1006.1065[hep-ph]],
PoS(DIS 2010)185.
[36] C. Grojean, E. Salvioni, R. Torre, JHEP 07 (2011) 002
[arXiv:hep-ph/1103.2761]].
[37] R. Casalbuoni, S. De Curtis, D. Dominici and R. Gatto, Phys.
Lett. B 155 (1985) 95.
[38] R. Casalbuoni, S. De Curtis, D. Dominici and R. Gatto, Nucl.
Phys. B 282, 235 (1987).
[39] R. Casalbuoni, S. De Curtis, D. Dominici, F. Feruglio and
R. Gatto, Int. J. Mod. Phys. A 4, 1065 (1989).
[40] D. Dominici, Riv. Nuovo Cim. 20N11, 1 (1997) [hep-
ph/9711385].
[41] A. R. Zerwekh, Eur. Phys. J. C 46 (2006) 791 [arXiv:hep-
ph/0512261].
[42] A. E. Ca´rcamo Herna´ndez and R. Torre [arXiv:1005.3809[hep-
ph]], Nucl. Phys. B 841 (2010) 188.
[43] A. E. Ca´rcamo Herna´ndez, [arXiv:1008.1039[hep-ph]], Eur.
Phys. J. C 72 (2012) 72:2154.
[44] A. E. Ca´rcamo Herna´ndez [arXiv:1108.0115[hep-ph]], PhD
Thesis.
[45] B. Bellazzini, C. Csaki, J. Hubisz, J. Serra and J. Terning, HEP
1211 (2012) 003 [arXiv:1205.4032[hep-ph]].
[46] R. Contino, D. Marzocca, D. Pappadopulo and R. Rattazzi,
JHEP 1110 (2011) 081 [arXiv:1109.1570[hep-ph]].
[47] A. E. Ca´rcamo Herna´ndez, C. O. Dib and A. R. Zerwekh, Eur.
Phys. J. C 74, 2822 (2014) [arXiv:1304.0286 [hep-ph]].
[48] O. Castillo-Felisola, C. Corral, M. Gonza´lez, G. Moreno,
N. A. Neill, F. Rojas, J. Zamora and A. R. Zerwekh, Eur. Phys.
J. C 73, no. 12, 2669 (2013) [arXiv:1308.1825 [hep-ph]].
[49] D. Pappadopulo, A. Thamm, R. Torre and A. Wulzer, JHEP
1409, 060 (2014) [arXiv:1402.4431 [hep-ph]].
[50] R. Barbieri, D. Greco, R. Rattazzi and A. Wulzer,
arXiv:1501.07803 [hep-ph].
[51] M. Low, A. Tesi and L. T. Wang, arXiv:1501.07890 [hep-ph].
[52] A. E. Ca´rcamo Herna´ndez, Claudio. O. Dib and Alfonso R. Zer-
wekh, arXiv:1506.03631 [hep-ph].
[53] D. B. Kaplan, Nucl. Phys. B 365 (1991) 259.
[54] R. Barbieri, G. Isidori and D. Pappadopulo, JHEP 02 (2009) 029
[arXiv:0811.2888 [hep-ph]].
[55] R. Barbieri, A. Pomarol and R. Rattazzi, Phys. Lett. B 591
(2004) 141 [arXiv:hep-ph/0310285].
[56] Y. Nomura, JHEP 0311 (2003) 050 [arXiv:hep-ph/0309189].
[57] R. Foadi, S. Gopalakrishna and C. Schmidt, JHEP 0403 (2004)
042 [arXiv:hep-ph/0312324].
[58] H. Georgi, Phys. Rev. D 71 (2005) 015016 [ arXiv:hep-
ph/0408067].
[59] R. S. Chivukula, H. J. He, M. Kurachi, E. H. Simmons and
M. Tanabashi, Phys. Rev. D 78, 095003 (2008), [ arXiv:hep-
ph/0808.1682].
[60] R. Foadi, M. Ja¨rvinen and F. Sannino, Phys. Rev. D 79 (2008)
035010 [arXiv:hep-ph/0811.3719].
[61] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964;
[62] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992).
[63] G. Altarelli and R. Barbieri, Phys. Lett. B253 (1991) 161.
[64] G. Altarelli, R. Barbieri and F. Caravaglios, Nucl. Phys. B405
(1993) 3.
[65] R. Barbieri, A. Pomarol, R. Ratazzi and A. Strumia, Nucl. Phys.
B 703 (2004) 127.
[66] R. Barbieri, “Ten Lectures on Electroweak Interactions”, Scuola
Normale Superiore, 2007, 81pp, [arXiv:0706.0684[hep-ph]]
[67] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86 (2012)
010001.
[68] M. Bando, T. Kugo and K. Yamawaki, Nucl. Phys. B 259, 493
(1985).
[69] J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, Nucl. Phys. B
106, 292 (1976).
[70] A.I. Vaı˘nshteı˘n, M.B. Voloshin, V.I. Zakharov and M.A. Shif-
man, Sov. J. Nucl. Phys. 30 (1979) 711.
[71] L. Okun, Leptons and Quarks, Ed. North Holland, Amsterdam,
1982.
[72] M. Gavela, G. Girardi, C. Malleville and P. Sorba, Nucl. Phys.
B193 (1981) 257.
[73] J. F. Gunion, H. E. Haber, G. L. Kane and S. Dawson, “The
Higgs Hunter’s Guide,” Front. Phys. 80, 1 (2000);
[74] M. Spira, Fortsch. Phys. 46, 203 (1998);
[75] A. Djouadi, Phys. Rept. 457, 1 (2008).
[76] W. J. Marciano, C. Zhang and S. Willenbrock, Phys. Rev. D 85,
013002 (2012) [arXiv:1109.5304 [hep-ph]].
[77] Lei. Wang and Xiao-Fang Han, Phys. Rev. D 86, 095007 (2012),
[ arXiv:hep-ph/1206.1673].
[78] Talk by Mauro Donega in the European Physical Soci-
ety Conference on High Energy Physics 2013, [ http://eps-
hep2013.eu/news.html] and talk by Matthew Kenzie in the
Higgs Hunting 2013 Conference, [ http://higgshunting.fr/].
[79] Talk by J.-B. de Vivie in the European Physical Soci-
ety Conference on High Energy Physics 2013, [ http://eps-
hep2013.eu/news.html].
[80] CMS Higgs TWiki,https://twiki.cern.ch.
[81] M. Baak et al., Eur. Phys. J. C72 (2012) 2003,
[arXiv:1107.0975[hep-ph]]
